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ABSTRACT: Microbial fuel cells (MFCs) have emerged as an innovative approach to addressing environmental pollutants while
producing renewable energy. The selection of appropriate substrates plays a pivotal role in fostering microorganism growth and
enhancing bioremediation. This study explores the incorporation of rotten rice flour (RRF) as a substrate in MFCs, evaluating its
impact on microbial metabolism, bioenergy generation, and bioremediation of toxic metals. The MFC process, lasting 37 days,
produced a peak voltage output of 200 mV on day 21 demonstrating the potential of RRF as a sustainable and effective substrate
for microbial growth and bioenergy generation. The MFC cycle generates final bioremediation efficiencies of 83.78%, 85.44%,
87.10% for AI’*; 85.54 %, 87.54, 88.90 for Cu®" and 87.00%, 90.92%, 93.34% for Pb*respectively indicating its potential in
ameliorating toxic metal levels. The organic substrate, rotten rice flour was applied to the anodic region daily throughout the
experiment. Furthermore, bacteria analysis was investigated on the anode electrode after MFC operation which revealed the
presence of Staphylococcus aureus, Escherichia coli, Serratia sp. and Bacillus sp. respectively. The findings suggested that rotten
rice flour could serve as an effective organic substrate for applications involving MFC. Furthermore, this research sheds light on
the existing prospects of MFC technology and proposes insightful recommendations for its future development.
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L INTRODUCTION
The present world increasingly depends on electricity

and viable technology among other renewable sources of
interest because of the utilization of organic and inorganic

generation to power industries, houses, gadgets, automobiles
which must be constantly provided. To meet with the huge
demand for energy, an ample production capacity must be
installed which will tally with carbon emission standards
(Sumaila et al., 2020). In an attempt to find sustainable
remedy, humans have invented various processes of energy
generation which includes solar, hydel, wind power and
biological based alternatives such as biomass, biogas and
microbes. Microbial fuel cells (MFCs) employ a remarkable

*Corresponding author:_itopa2020@gmail.com

substrate for bioelectricity production (Magaji et al., 2023;
Munoz-Cupa et al., 2021; Suleiman, Guerrero-Barajas, et al.,
2025). The incorporation of MFC technology in wastewater
technology has been found to suppress chemical oxygen
demand (COD) and other pollutants making it a reliable
choice to conventional treatment methods. COD measures
the amount of oxygen required to chemically oxidize organic
(and some inorganic) matter in water, in other words, it is a
measure of how much oxidizable organic matter is present.

doi: http:/ /doi.org/10.637L46 /njtd.v22i5.3959
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The higher the rate of organic pollution, the more oxidation
required and this increases COD value(Yanuka-Golub et al.,
2021). The dual nature of MFCs such as wastewater
treatment and bioenergy production have mitigates energy
challenges making them a better option for sustainable
development(Suleiman, Itopa, et al., 2025; Yaqoob, Idris, et
al., 2022). The design of MFCs can change with
configurations including single and dual-chamber systems,
which affect their efficiency and power production. Although
MFC has achieved remarkable scientific ground-breaking in
recent years, it still suffers some setbacks in terms of
commercial purposes. Factors which include the choice of
anode materials, the type of microorganisms used, organic
substrate and the operational parameters significantly affect
the performance of MFCs (Idris et al., 2022; Suleiman, Itopa,
et al., 2025).

Several anode materials including the fabrication of
advanced anodes have been applied in MFC to enhance
electron transportation and improve overall performances
(Idris, Noh, et al., 2023). In a similar effort to enhance MFC
performance, various substrates have been utilized in
different amounts to evaluate the optimal performance in
MEFC (Alshammari, Aleid, et al., 2025; Ibrahim et al., 2025).
The use of the diverse nature of organic substrates to generate
bioelectricity through microbial metabolism is highly
considerable due to the biocompatibility nature of the
substrate and the provision of carbon sources for microbial
growth. A number of general substrates used include
biomass, fruit waste, and livestock manure with huge
composition of organic matter for microbial activity.
(Emmanuel et al., 2021; Emmanuel et al., 2024; Idris et al.,
2025).

Agro-processing industries typically generate nutrient-dense
agricultural by-products. (Kumbhar et al., 2021) In a similar
vein, a significant source of waste is agricultural wastewater

that contains numerous carbon-based substances, which
consequently impacts the water bodies it enters when
discharged without treatment(Yang et al., 2021). Agricultural
residues are recognized as a significant source of energy and
carbon. The sugars they contain can be extracted through the
application of dilute acids or enzymes(Alshammari, Yaqoob,
et al., 2025; EIMekawy et al., 2015; Idris, Yaqoob, et al.,
2023; Yaakop et al., 2023; Yaqoob, Bakar, et al., 2022;
Yaqoob, Ibrahim, Yaakop, et al., 2021). A significant
agricultural residue is wheat straw, which has approximately
34-40% cellulose organic carbon content, around 21-26%
organic carbon from hemicellulose, and about 11-23%
organic carbon derived from lignin. These components can
be subjected to hydrolysis, resulting in wheat straw
hydrolysate, which can produce a considerable amount of
electricity in a MFC(Alshammari & Ahmad, 2025; Rojas
Flores et al., 2020). In a similar fashion, unprocessed corn
stover is a form of agricultural waste that plays a significant
role in electricity generation when utilizing a single-chamber
MEFC. Although the treatment process was successful, the
generated power output was considerably lower than that of
an MFC that uses glucose as a substrate(Rajesh & Kumawat,
2023). The preference of substrate remarkably affects the
productivity of MFCs, as several organic materials can
generate different range of bioenergy depending on their
biochemical configuration and the microbial communities
involved (Mbugua, 2021). The use of other traditional
techniques such as adsorption, membrane separation,
photodegradation and phytoremediation to treat wastewater
has shown to be inefficient compared to MFCs (Emmanuel et
al., 2024; Idris et al., 2021; Idris, Yaqoob, et al., 2023;
Sumaila et al., 2020). Table 1 shows the relative performance
of agro-waste substrates in MFCs and their COD removal
efficiency.

Table 1 Performance of Agro-waste Substrates Utilized in MFCs

Substrate Reactor Electrode | Voltage Power COD Metal References
Type Material v or | Density removal | removal /
mV) (mW/m?) | (%) remediation
(%)
Rotten rice | Dual Graphite 032V 12.7 82% Cu:76%,Pb: | Daud et al.
flour Chamber | rod 69% (2021)
Banana peel | Single Carbon 570 mV 88% Pb: 85%, Cu: | Verma and
extract Chamber | cloth 38 78%,  Cd: | Mishra (2023)
72%
Sugarcane Single Carbon 430 mV 14.9 65% Pb: 71%, Cu: | Christwardana et
bagasse Chamber | felt 67% al. (2023)
hydrolysate
Potato Single Graphite 0.19V 6.2 94% Cr: 58%, Pb: | Toczylowska-
processing Chamber | plate 62%,  Cu: | Maminska and
wastewater 55% Maminski (2023)
Banana peel | Single Carbon 610 mV | 42 91% Pb: 84% Sumatkar et al.
slurry Chamber | felt (2025)
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Potato solid | Double Carbon 480 mV | 21 87% . Toczytowska-
Pb: 74%, -,

waste Chamber | felt Cu: 70% Maminska and
u- 9% Mamifiski (2023)

Consequently, this research aims to leverage the abundant
cellulose content of rotten rice flour (RRF) as a substrate in
MFCs to promote microorganism proliferation, stimulate
bioenergy generation and heavy metal bioremediation such
as aluminum (A1*"), copper (Cu?"), and lead (Pb*") from
wastewater. RRF was selected for its cost-effectiveness, high
availability, and relatively high cellulose content, which may
enhance microbial activity (Ibrahim et al., 2025).

II. MATERIALS AND METHODS

A. Reagents and materials

The Rotten rice flour used in this research was purchased
from the International Market located in Felele, Lokoja, Kogi
State. Standard solutions containing 1000 mg/L Aluminum
(APPY), copper (Cu?*) and lead (Pb?") ions were obtained from
the Central Research Laboratories, Kogi State Polytechnic,
Lokoja. Graphite rods, digital multimeter and the external
resistor were purchased from Chigoz FElectronics in
Adankolo, Lokoja, Nigeria. The graphite rods function as the
anode and cathode in our single-chamber MFC arrangement
while the external resistor of 1 kiloohms was applied. All
chemicals used were of analytical grade and sterilized

properly.

B. Source of inoculation

Domestic wastewater was collected from a nearby pond and
spiked with toxic metal ions (A", Cu?', and Pb*") at a
concentration of 50 ppm to create synthetic wastewater which
was utilized as the inoculum for our single-chamber MFC
studies. The physicochemical characteristics of both fresh
and synthetic wastewaters are presented in Table 2.

Table 2 Properties of the wastewater in the current study.

Physicochemical Waste water Synthetic water
Parameters

Colour Dark Brownish | Dark Brownish
Odour Irritating Irritating
Temperature 25°C 25°C

PH 6.22 6.12
Conductivity 125 uS/cm 300 puS/cm

AT 0 ppm 50 ppm

Cu* 0 ppm 50 ppm

Pb?* 0 ppm 50 ppm

C. Rotten Rice Flour Preparation

This work used rotten rice flour (RRF) as a naturally
occurring, organic substrate. To assess the possibility of
improvements in MFC performance, 5 g of the substrate was
introduced to the MFC every day. The decaying rice was kept
at room temperature for an entire day before being pulverised

into a fine powder to enhance microbial growth and
metabolism. The powdered flour was introduced directly into
the MFC, providing a rapidly attainable source of energy for
the microbes (Idris et al., 2025).

D. Configuration and operation of MFC

A single-chamber MFC arrangement with dimension 22.5 cm
in length and 10.5 ¢cm in diameter with an area of 17.25 cm?
with a total working volume of 500 mL was utilized in this
study. The cell chamber contains 50 ppm each of pollutant
metal wastewater along with the prepared rotten rice which
was added daily to the cell. Graphite rods, measuring 8.0 cm
in height and 1.5 cm in radius, were placed vertically as the
anode and cathode electrodes, thus finalizing the MFC
configuration. Aluminum wire was utilized to merge the
anode and cathode electrodes with 1 kQ resistor added to
connect the MFC to an external circuit as shown in Figure 1.
The MFC cycle was carried out under ambient conditions for
a duration of 37 days, during which the voltage output was
continuously monitored and recorded (Alshammari, Aleid, et
al., 2025; Fadzli et al., 2021).
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Figure 1 The prototype MFC and experimental design used
in this study

E. Electrochemical Studies

The generation of voltage was monitored and recorded every
24 hours making use of digital multimeter to observe the
ionic interactions between the anode and cathode. The
generated current was calculated using Ohm’s Law. Current
density (CD), power density (PD), and internal resistance (r)
were calculated using equations (1-3), where ‘V’ represents
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the voltage output, ‘I’ denotes the current, ‘A’ indicates the
electrode area, ‘R’ signifies the external resistance (Ibrahim
etal., 2025)

V=1IR (1)
VZ

PD = o ()

D= — 3)

Where PD refers to power density (mW/m?), CD refers to
current density (mA/m?), V is the output voltage (mV), A is
the area of anode (m?) and R is the external resistance (Q).
F Heavy Metal Bioremediation Efficiencies

Bioremediation efficiencies of the heavy metals within the
MEFC were evaluated using atomic absorption spectroscopy
(AAS) (AAS-PerkinElmer A400; Waltham, MA, USA)
outlining previous procedure. Every five days, 4 mL of
operational wastewater from the MFC was collected to
analyze the remaining metal concentrations. The
bioremediation efficiency (BE) of the metals was calculated
using Equation 4 based on the output gotten from AAS. In
Equation 4, Ci refers to the initial concentration of metal ions,
while Cf entails the final concentration of metal ions post-
treatment. After 37 days of MFC operation, the anode
electrode was carefully removed from the MFC and rinsed
with deionized water to remove the remaining
contaminants(Idris, Al-Zaqri, et al., 2023).

BE (%) = C;—L“ x 100 (4)
G. Microbiological Investigations

A sterile scalpel was used to gently scrape a section of the
anode surface to get microbial samples, which were
transferred to sterile distilled water in separate Falcon conical
tubes. To isolate the bacteria, the sample was spread onto
sterile nutrient agar plates and incubated for 24 hours at 35
°C. Bacterial colonies exhibiting distinct morphologies were
selected and purified through serial sub-culturing in nutrient
broth(Yaqoob, Ibrahim, & Yaakop, 2021). Biochemical tests
are methods used in laboratories that identify and classify
microorganisms by considering their metabolic and
biochemical characteristics. These tests are intended to
evaluate the presence, lack, or activity of certain enzymes
involved in distinct metabolic of the anodic biofilms.

III. RESULTS AND DISCUSSIONS

A. Substrate Composition used in the Study and its

The Rotten Rice Flour used as substrate in this study
exhibited 42.9 % cellulose, 23.8 % hemicellulose, and 22.4
% lignin, as presented by the results in Table 3. The presence
of these components in the substrates allows for microbial
metabolism. During the MFC operation, the organic
substrates were metabolized by electrogenic microbes,
producing high amount of voltage initially which later drop
as result of substrate depletion with the microbes approaching
decline phase (Idris et al., 2025). Decomposed rice flour is
degraded in MFC via the enzymatic hydrolysis of starches
and proteins into fermentable monomers, which are then
converted to organic acids through anaerobic fermentation.
These acids are oxidized by anodic bacteria, which results in
the release of electrons and protons. The degradation from
spoilage improves the solubility of the substrate and provides
an initial microbial community, thereby enhancing the
availability of electrons for bioelectricity generation (Aleid et
al., 2023; Pandit et al, 2021). The metabolism and
mechanism of heavy metal remediation based on the study is
shown in Figure 2
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Figure 2 Metabolism and mechanism of heavy metal
remediation based on the current study

Metabolism
Table 3 Characteristics of the Rotten Rice Flour (RRF) used in the current study
Substrates Moisture content Cellulose (%) Hemicellulose (%) Lignin (%)
(%)
RRF 10.9 42.9 23.8 22.4

B. Voltage generation and polarization Studies

The reaction in the MFCs lasted 37 days, utilizing 5 g of
rotten rice daily as organic substrate source in the MFC.
Figure 2(a) depicts the result of voltage generation with peak

voltage output of 200 mV attained on day 21. However, the
voltage declines rapidly to 60 mV on day 37, marking the end
of the operational time. The observed decrease in voltage
output could be as a result of depletion of bacterial biomass
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since the microbes may utilize the available nutrients and
reached the end of their development phase. The initial
voltage output was minimal, but it gradually increased until
day 23, when it began to drop. Voltage generation may also
decline as exoelectrogens become less able to use the
constant supply of the substrate for metabolic activity,
leading to a decrease in metabolism and a progressive
approach to bioremediation completion. While the maximum
voltage was observed on day 21, this could also mean the
increase the solubility of the toxic metal as reported in the
prior study(Chen et al., 2017). A polarization experiment was
investigated to determine how changing external resistance
affects MFC performance. Resistance values ranged from
3.5kQ to 100 Q. Figure 2(b) shows the outcomes of this
experiment. At high external resistance values, the system
had limited electron transport and voltage stability.
Conversely, with low external resistance values, rapid
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electron transport reduced voltage stability due to the rise in
the current flow.

C. Conductivity Studies (CS)

To assess the electrolyte conductivity throughout MFC
operation, the conductivity of the cell was monitored at
various time intervals over the period of 37 days. Figure 3
shows that the conductivity value on the first day was 300
uS/cm and subsequently increased until the 10th day (750
uS/cm), demonstrating increasing ionic strength. After day
10, the conductivity rapidly increases reaching a value of
1000 puS/cm on day 25 and decreases to 500 uS/cm on the
final day of the MFC operation. It can be observed that the
conductivity values were in agreement with the output
voltage obtained during the study period. The peak
conductivity observed on the 25th day may occur as a result
of rapid electroactivities during that period.
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Figure 3 (a) Daily Voltage Output in the MFC for 37 days (b) Polarization Curve

However, the subsequent decline in conductivity could be a
result of factors such as redox potential, pH, organic substrate
availability, temperature, and microbial stability may
function in reducing the MFC’s efficacy. For this study, the
achieved current density was approximately 0.012 mA/m?,
resulting in a power density of 3.34 mW/m?. The rotten rice
substrate initially enhances voltage but fails to maintain a
high electron flow, leading to a low current density. Although
biofilm development may enhance voltage stability but will
not necessarily lead to increased current as the substrate
becomes depleted. Power density is significantly affected by
the resistance of the system. During later stages of the cycle,
if resistance decreases, power density might temporarily rise
despite a low current density(Rojas-Flores et al., 2021).
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Figure 4 Conductivity studies for the period of 37 days
D. Bioremediation Efficiency of the Heavy Metal
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Bioremediation of toxic metals in MFCs is a crucial operating
parameter studied during the recent time due to the dual
ability to generate bioenergy and reduce contaminants. In the
current study, the rotten rice flour was used for achieving
these objectives. Toxic metal remediation results observed
during the experiment is illustrated in Table 4. The optimal
concentration of 50 ppm has been found to be effective in
heavy metal remediation in MFC systems in previous studies,
such as the one reported by (Li et al., 2018). Their study
determined the concentrations of Pb>* and Cr® found that 50
ppm not only gave the largest percentage of metal removal

NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 22, NO.5, DECEMBER 2025

and also not affect the toxic out-turn on the bacteria
population. The final bioremediation efficiencies were
determined to be 83.78, 85.44%, 87.10% for Al**, 85.54 %,
87.54, 88.90 for Cu*" and 87.00%, 90.92%, 90.34% for
Pb*'respectively, showing that the MFC system was active in
ameliorating toxic metal levels. The study also indicated a
progressive decline in the concentration of the metal ions
within the course of the 37-day operation. The
bioremediation efficiency increased progressively over time,
exceeding 70% for all metals by day 20.

Table 4 Trends in Bioremediation Efficiency of the Contaminants

Organic Metal Initial Operational Final Bioremediation
Substrate Contaminants Concentration Days Concentration efficiency (%)
0 0.00 0.00
5 35.00 30.00
INEE 50 ppm 10 29.40 41.20
20 15.50 69.00
30 8.11 83.78
35 7.28 85.44
37 6.45 87.10
0 0.00 0.00
Rotten Rice 5 29.30 41.40
Flour Cut 50 ppm 10 27.95 44.10
20 14.30 71.40
30 7.24 85.54
35 6.23 87.54
37 5.55 88.90
0 0.00 0.00
5 28.45 43.10
Pb2* 50 ppm 10 23.25 53.50
20 12.24 75.52
30 6.50 87.00
35 4.54 90.92
37 3.33 93.34

E. Identification of Bacteria on the anode

In other to identify the microbes deposited at the anode,
morphological and biochemical tests were carried out.
Biochemical tests carried out includes Gram staining,
oxidase, catalase, citrate, indole and motility test. The isolates
were identified based on their reaction to several substrates
utilized in biochemical characterization. Among the four
isolates, BAI and BA4 were Gram-negative while BA2 and
BA3 were Gram positive described in Table 5. Gram-positive
bacteria are characterized by having a simpler structure
which comprises 90% peptidoglycan and 10% teichoic acid.
Several Gram-positive bacteria may have increase negative
surface charge as a result of covalent bond between

peptidoglycan and teichoic acid (Caudill et al., 2020). For
the motility test carried out on the isolate, 50% nutrient agar

was used. This medium has a very soft architecture ensuring
easy mobility of bacteria leading to cloudiness. BAI isolate
was motile while BA2, BA3 and BA4 was non-motile. A
widespread growth zone that extends from the line of
inoculation provides evidence of bacterial motility (Aryal,
2021). BA1 was identified as Escherichia coli while BA2,
BA3 and BA4 are Staphylococuss sp., Bacillus sp., and
Serratia sp. Respectively. E. coli is a metal-tolerant
microorganism that can conduct limited extracellular electron
transfer using natural mediators such as flavins, although its
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efficiency is lower compared to traditional exo-
electrogens(Jayathilake et al., 2024). The biochemical
pathways of cellulose degradation and electron transfer in
MFCs  specifically involving E. coli,  Bacillus,
Staphylococcus sp., and Serratia sp. can be illustrated in
Figure 5.
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Figure 5 Proposed biochemical pathways of cellulose
degradation and electron transfer mechanism based on this
study.

Staphylococcus species exhibit weak electron transfer
capabilities and are more effective within biofilms. Certain
species generate redox-active substances that facilitate
electron shuttling, but their performance is variable and
generally inferior to that of exo-electrogens found in soil and
wastewater (Naaz et al., 2023). Bacillus species typically
form biofilms and can produce electron-shuttling compounds
which includes phenazines and quinones in some strains
displaying moderate exo-electrogenic behavior and
performing better when attached to anode surfaces(Saraf et
al., 2025). Some Serratia sp strains synthesize prodigiosin, a
redox-active pigment that can serve as an electron mediator,
which improves their exo-electrogenic efficiency compared
to E. coli or Staphylococcus; however, they still fall short of
the performance exhibited by key electroactive bacteria like
Geobacter or Shewanella(Cheng et al., 2023; Santos et al.,
2022).

Table 5: Morphological and Biochemical tests of the isolate
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IV. CHALLENGES AND FUTURE PROSPECTS

MFC technology is growing in its popularity due to its
application in various field of science(Fadzli et al., 2021).
Despite its unique nature, MFC frequently encounter
challenges as a result of compatibility of the nature of
electrodes meeting up with the mobility of electrons and the
efficiency of organic substrate in increasing microbial
activities (Ibrahim et al., 2025). Some current limitations,
challenges and possible solution regarding MFC progress
have been highlighted in Figure 6. In the current study, a
considerable number of voltages were generated with the
limitation of operating the MFC system for 37 days leading
to decline in the power generation. MFC operation on a larger
scale will require a stable organic substrate over time. For
purposes of scaling up MFC to industrial scale, the long-
lasting operational organic substrate must have high stability
and optimal amount of glucose production. Another critical
factor to consider in MFC design is the electrode material.
Anode material is very essential component that influences

MFCs  performance. Anode properties such as
biocompatibility, conductivity, large surface area and
durability are very important factors (Yu et al., 2021). The
MFC had difficulties to produce enough energy owing to the
material used as electrodes. Although graphite is capable of
conducting electricity, it possesses a greater internal
resistance compared to porous or woven carbon structures,
which results in voltage drops before the electrons reach the
circuit. Additionally, it lacks surface functional groups that
would enhance direct extracellular electron transfer, leading
microorganisms to heavily depend on soluble mediators that
may not be sufficient or stable. In its unmodified state,
graphite exhibits lower hydrophilicity, which diminishes the
attachment efficiency of electroactive bacteria like
Escherichia coli when applied in microbial fuel cells (MFCs)
or mixed inoculum experiments. Furthermore, there are no
metal oxide coatings or conductive polymers present to
enhance redox reactions on the surface of the
electrode(Guerrero-Barajas et al., 2022; Yuan et al., 2025).

ROTTEN RICE FLOUR IN MICROBIAL FUEL CELLS:
CHALLENGES & FUTURE PROSPECTS
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V. CONCLUSION

This study investigated the suitability of rotten rice flour to
be used as an organic substrate in an MFC for bioremediation
of toxic metals in synthetic wastewater treated with the toxic
metals while generating bioenergy. The study yields a good
result, with remediation efficiency of more than 90% at the
end of the operation and a voltage output of 200 mV attained
at the 21-day of MFC operation. The rotten rice flour utilized
as organic substrate exhibited considerable number of
voltages making it a suitable for the MFC. Microbiological
activities on the anode surface contributed a vital role in
metal biodegradation process. Rotten rice flour serves as a
scalable substrate for MFC due to its significant organic load
from starch, minimal need for pre-sterilization, and broad
availability as an agricultural by-product. However, when
scaled up, its particulate form can lead to limitations in mass
transfer, risks of pore clogging, and competing anaerobic
processes that can divert electrons away from electricity
production. Thus, successful scalability relies on adequate
pre-hydrolysis, continuous mixing, stabilization of
conductivity, and the use of high-surface-area conductive
anode materials.

AUTHOR CONTRIBUTIONS

A.L Suleiman: Conceptualization, Methodology, software,
validation, writing — original draft, Writing — review &
editing. M. O. Idris: Supervision, writing — original draft,
Writing — review & editing. E.T. Omejeh: Writing — review
& editing. A.I. Ahmad: Writing — review & editing. C.B.
Okpanachi: Writing — review & editing. M.A. Yayo:
Writing — review & editing. W.E. Edegbe: Writing —
review & editing. H. A. Audu, Writing — review & editing
D. Shehu Writing — review & editing

ACKNOWLEDGEMENT(S)
I wish to acknowledge the Rector of Kogi State Polytechnic,
Lokoja, Prof. Salisu Ogbo Usman for his unwavering
commitment in promoting research in the institution.

REFERENCES

Aleid, G. M., A. S., Alshammari, A. D.,
Alomari, A., Ahmad, O., Alaysuy, M. N. M., Ibrahim
(2023). Biomass and domestic waste: a potential resource
combination for bioenergy generation and water treatment
via benthic microbial fuel cell. Environmental Science and
Pollution Research, 1-14.

Alshammari, A. S., G. M., Aleid, A. R. D.,
Ahmad, A. D., Alomari, E., Alhomaidi, M. O., Idris, M.
H., Hussin, M. N. M., Ibrahim (2025). Microbial Fuel Cell-
Based Degradation of Naphthalene from Wastewater: A
Study on Electricity Generation Using Pineapple Extract.
International Journal of Environmental Research, 19(4),
122.

Alshammari, A. S., A. A., Yaqoob, A,
Ahmad, M. N., Mohamad Ibrahim, K. Z., Abdiyev (2025).
Energy and Pollution Mitigation: The Role of Coconut Sugar
in  Microbial Fuel Cell. International Journal of
Environmental Research, 19(6), 221.

Alshammari, M. B., A., Ahmad (2025).
Electrochemical oxidation (biomass) and degradation of
organic pollutant through a microbial fuel cell to produce
electricity. Biomass Conversion and Biorefinery, 15(5),
7853-7867.

Aryal, M. (2021). A comprehensive study on
the bacterial biosorption of heavy metals: materials,
performances, mechanisms, and mathematical modellings.
Reviews in Chemical Engineering, 37(6), 715-754.

Caudill, E. R., R. T., Hernandez, K. P.,
Johnson, J. T., O'Rourke, L., Zhu, C. L., Haynes, Z. V.,
Feng, J. A., Pedersen (2020). Wall teichoic acids govern
cationic gold nanoparticle interaction with Gram-positive
bacterial cell walls. Chemical Science, 11(16), 4106-4118.

Chen, J., Y., Hu, L., Zhang, W., Huang, J.,
Sun (2017). Bacterial community shift and improved
performance induced by in situ preparing dual graphene
modified bioelectrode in microbial fuel cell. Bioresource
Technology, 238, 273-280.

Cheng, P., C., Yang, S., Zhou, J., Huang, R.,
Liu, B., Yan (2023). Degradation efficiency of antibiotics by
the sewage-fed microbial fuel cells depends on gram-staining
property of exoelectrogens. Process Safety and
Environmental Protection, 176, 421-429.

Christwardana, M., J., Joelianingsih, L. A.,
Yoshi (2023). Synergistic of yeast Saccharomyces cerevisiae
and glucose oxidase enzyme as co-biocatalyst of enzymatic
microbial fuel cell (EMFC) in converting sugarcane bagasse
extract into electricity. Journal of Electrochemical Science
and Engineering, 13(2), 321-332.

Daud, N. N. M., A., Ahmad, A. A., Yaqoob,
M. N. M., Ibrahim (2021). Application of rotten rice as a
substrate for bacterial species to generate energy and the
removal of toxic metals from wastewater through microbial
fuel cells. Environmental Science and Pollution Research,
28(44), 62816-62827.

ElMekawy, A., S., Srikanth, S., Bajracharya,
H. M., Hegab, P. S., Nigam, A., Singh, S. V., Mohan, D.,
Pant (2015). Food and agricultural wastes as substrates for
bioelectrochemical system (BES): the synchronized recovery
of sustainable energy and waste treatment. Food Research
International, 73, 213-225.

Emmanuel, J. L., M. O., Idris, A. O., Usman,
Q., Musa, A. L., Suleiman, P., Sambo (2021). Biomass-
Derived Activated Carbon: A Viable Material for
Remediation of pb2+ and 2, 4-Dichlorophenol (2, 4 DCP)
through Adsorption. Journal of Advanced Research in
Applied Sciences and Engineering Technology,25(1), 37-45.

Emmanuel, S. S., A. O., Esan, F. S. O., Afigo,
A. A., Adesibikan, M. O., Idris (2024). A review on eco-



194 NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 22, NO.5, DECEMBER 2025

sustainable photocatalytic degradation of pharmaceutical
pollutants using biosynthesized nanoparticles. Journal of the
Chinese Chemical Society, 21926549.

Fadzli, F. S., M., Rashid, A. A., Yaqoob, M.
N. M., Ibrahim (2021). Electricity generation and heavy
metal remediation by utilizing yam (Dioscorea alata) waste
in benthic microbial fuel cells (BMFCs). Biochemical
Engineering Journal, 172, 108067.

Guerrero-Barajas, C., M. L., Carbajal-
Pedraza, V. A., Leén-Ortega, A., Ordaz (2022). Organic
Pollutants and Removal of Metals in Constructed Wetlands
Integrated to Microbial Fuel Cells (CW-MFC). This is a
numbered series focused on the latest environmental
research., 133.

Ibrahim, M., C., Guerrero-Barajas, M.,
Idris, A., Alsaedi, S., Abdullahi, A., EI-Marghany, L.,
Warad (2025). Evaluating the effectiveness of rotten rice to
bioremediate formaldehyde with power generation through a
microbial fuel cell. International Journal of Environmental
Science and Technology, 22(7), 5777-5790.

Idris, M. O., N., Al-Zaqri, 1., Warad, A. H.,
Al-Mustasin, N., Masud, M., Ali (2023). Impact of
commercial sugar as a substrate in single-chamber microbial
fuel cells to improve the energy production with
bioremediation of metals. International Journal of Chemical
Engineering, 2023.

Idris, M. O., M. N. M., Ibrahim, A. A.,
Yaqoob, A. ., Suleiman, D. A., Zakari, S. N. H., Azmi, K.,
Min, B. O., Almutairi (2025). Investigating the influence of
biomass-derived organic substrates on power generation with
benzene bioremediation in microbial fuel cell. Biomass
Conversion and Biorefinery, 1-16.

Idris, M. O., H.-C., Kim, A. A., Yaqoob, M.
N. M., Ibrahim (2022). Exploring the effectiveness of
microbial fuel cell for the degradation of organic pollutants
coupled with bio-energy generation. Sustainable Energy
Technologies and Assessments, 52, 102183.

Idris, M. O., N. A. M., Noh, M. N. M.,
Ibrahim, A. A., Yaqoob (2023). Sustainable microbial fuel
cell functionalized with a bio-waste: a feasible route to
formaldehyde bioremediation along with bioelectricity
generation. Chemical Engineering Journal, 455, 140781.

Idris, M. O., E. E., Williams, A. L., Suleiman,
F. E., Okieimen (2021). Scalability of Palm Kernel Shell
Derived Activated Carbon for the Remediation of Pb2+ and
2, 4-Dichlorophenol. EAS Journal of Pharmacy and
Pharmacology, 3(6), 168—175.

Idris, M. O., A. A., Yaqoob, M. N. M.,
Ibrahim, A., Ahmad, M. B., Alshammari (2023).
Introduction of adsorption techniques for heavy metals
remediation. In Emerging techniques for treatment of toxic
metals from wastewater (pp. 1-18). Elsevier.

Jayathilake, C., G., Piyumika, Z., Nazeer, N.,
Wijayawardene, S., Rajakaruna, J., Kumla, E., Fernando
(2024). Recent progress in the characterization and

application of exo-electrogenic microorganisms. Antonie Van
Leeuwenhoek, 117(1), 10.

Kumbhar, P., N., Savla, S., Banerjee, A. S.,
Mathuriya, A., Sarkar, S., Khilari, D. A., Jadhav, S.,
Pandit (2021). Microbial electrochemical heavy metal
removal: Fundamental to the recent development. In
Wastewater treatment (pp. 521-542). Elsevier.

Li, S., G., Chen, A., Anandhi (2018).
Applications of emerging bioelectrochemical technologies in
agricultural systems: a current review. Energies, 11(11),
2951.

Magaji, H., S. M., Auwal, R. i., Nasir, A. L.,
Suleiman, S., Usman, A. H., Jagaba (2023). Sustainable
production of glutamic acid by Enterobacter sp. strain
isolated from cheese for potential protein biosynthesis:
Optimization by Response Surface Methodology.
Bioresource Technology Reports, 24, 101647.

Mbugua, J. K. (2021). Fabrication and
Optimization of an Effective Anaerobic Digester for Biogas
Production Using Vegetable Wastes From Wakulima and
Kangemi Markets in Nairobi County, Kenya. University of
Nairobi.

Munoz-Cupa, C., Y., Hu, C., Xu, A., Bassi
(2021). An overview of microbial fuel cell usage in
wastewater treatment, resource recovery and energy
production. Science of the Total Environment, 754, 142429.

Naaz, T., A., Kumar, A., Vempaty, N.,
Singhal, S., Pandit, P., Gautam, S. P., Jung (2023). Recent
advances in biological approaches towards anode biofilm
engineering for improvement of extracellular electron
transfer in microbial fuel cells. Environmental Engineering
Research, 28(5).

Pandit, S., N., Savla, J. M., Sonawane, A. M.
d., Sani, P. K., Gupta, A. S., Mathuriya, A. K., Rai, D. A.,
Jadhav, S. P., Jung, R., Prasad (2021). Agricultural waste
and wastewater as feedstock for bioelectricity generation
using microbial fuel cells: Recent advances. Fermentation,
7(3), 169.

Rajesh, S., A. S., Kumawat (2023).
Opportunities for microbial fuel cells to utilize post-harvest
agricultural residues. lonics, 29(11), 4417-4435.

Rojas-Flores, S., S. M., Benites, M., De La
Cruz-Noriega, L., Cabanillas-Chirinos, F., Valdiviezo-
Dominguez, M. A., Quezada Alvarez, V., Vega-Ybaiiez,
L., Angelats-Silva (2021). Bioelectricity production from
blueberry waste. Processes, 9(8), 1301.

Rojas Flores, S., R. N., Naveda, E. A,,
Paredes, J. A., Orbegoso, T. C., Céspedes, A. R.,
Salvatierra, M. S., Rodriguez (2020). Agricultural wastes
for electricity generation using microbial fuel cells. The Open
Biotechnology Journal, 14(1).

Santos, A. L. d. C., A. C. A,, Ferreira, J. R.
d., Figueiredo (2022). Potential use of bacterial pigments as
anticancer drugs and female reproductive toxicity: a review.
Ciéncia Animal Brasileira, 23, e-72911.



SULEIMAN et al: ENHANCING MICROBIAL ACTIVITY WITH ROTTEN RICE FLOUR TO FACILITATE HEAVY METAL REMEDIATION ... 195

Saraf, R, A., Goyal, D., Jain, K., Dutt (2025).
Microbial Fuel Cell an Alternative for Sustainable Energy
Production: Substrate, Challenges and Application. Current
Green Chemistry.

Suleiman, A. I., C., Guerrero-Barajas, M.
0., Idris, A. 1., Ahmad, A. A., Otuoze, B. O., Akuba, A.I.,
Eva, D. A., Zakari, A. A., Aliyu, A. O., Otuoze (2025).
Navigating the landscape of microbial fuel cell
bioelectrochemical technology: a review from current to
potential applications. Journal of Chemical Technology &
Biotechnology.

Suleiman, A. L., A. A., Itopa, M. O., Idris, A.
L., Eva, D. A., Zakari, A. O., Esan, A. A., Imam (2025).
Advances in Microbial Fuel Cell Technology: Survey of
Organic  Substrate  Utilization and Microbiological
Approaches. Eurasian Journal of Physics and Functional
Materials, 9(2), 122-134.

Sumaila, A., M., Ndamitso, Y., Iyaka, A.,
Abdulkareem, J., Tijani, M., Idris (2020). Extraction and
Characterization of Chitosan from Crab Shells: Kinetic and
Thermodynamic Studies of Arsenic and Copper Adsorption
from Electroplating Wastewater. lraqi Journal of Science,
2156-2171.

Sumatkar, N., K., Vasumathi, C.-T., Wang
(2025). Enhancing microbial fuel cell performance by
optimizing banana peel slurry concentration for sustainable
energy production. J. Chin. Soc. Mech. Eng., 46, 233-241.

Toczylowska-Maminska, R., M. L.,
Maminski (2023). Application of Microbial Fuel Cell
Technology in Potato Processing Industry. Energies, 16(18),
6581.

Verma, M., V., Mishra (2023). Bioelectricity
generation by microbial degradation of banana peel waste
biomass in a dual-chamber S. cerevisiae-based microbial fuel
cell. Biomass and Bioenergy, 168, 106677.

Yaakop, A. S., A., Ahmad, F., Hussain, S.-E.,
Oh, M. B., Alshammari, R., Chauhan (2023). Domestic
Organic Waste: A Potential Source to Produce the Energy via
a Single-Chamber Microbial Fuel Cell. International Journal
of Chemical Engineering, 2023(1), 2425735.

Yang, Y., R. K., Liew, A. M., Tamothran, S.
Y., Foong, P. N. Y., Yek, P. W,, Chia, T., Van Tran, W.,
Peng, S. S., Lam (2021). Gasification of refuse-derived fuel
from municipal solid waste for energy production: a review.
Environmental Chemistry Letters, 19(3), 2127-2140.

Yanuka-Golub, K., V., Dubinsky, E.,
Korenblum, L., Reshef, M., Ofek-Lalzar, J., Rishpon, U.,
Gophna (2021). Anode surface bioaugmentation enhances
deterministic biofilm assembly in microbial fuel cells. MBio,
12(2), 10.1128/mbio.03629-03620.

Yaqoob, A. A., M. A. B. A., Bakar, H.-C.,
Kim, A., Ahmad, M. B., Alshammari, A. S., Yaakop
(2022). Oxidation of food waste as an organic substrate in a
single chamber microbial fuel cell to remove the pollutant
with energy generation. Sustainable Energy Technologies
and Assessments, 52, 102282.

Yaqoob, A. A., M. N. M., Ibrahim, A. S.,
Yaakop (2021). Application of oil palm lignocellulosic
derived material as an efficient anode to boost the toxic metal
remediation trend and energy generation through microbial
fuel cells. Journal of Cleaner Production, 314, 128062.

Yaqoob, A. A.,, M. N. M., Ibrahim, A. S.,
Yaakop, A., Ahmad (2021). Application of microbial fuel
cells energized by oil palm trunk sap (OPTS) to remove the
toxic metal from synthetic wastewater with generation of
electricity. Applied Nanoscience, 11(6), 1949—1961.

Yaqoob, A. A., M. O., Idris, A., Ahmad, N.
N. M., Daud, M. N. M., Ibrahim (2022). Removal of Toxic
Metal lons from Wastewater Through Microbial Fuel Cells.
In Microbial Fuel Cells for Environmental Remediation (pp.
299-325). Springer.

Yu, B, L., Feng, Y., He, L., Yang, Y., Xun
(2021). Effects of anode materials on the performance and
anode microbial community of soil microbial fuel cell.
Journal of Hazardous Materials, 401, 123394.

Yuan, D., S., Wan, J., Liu, L., Sun, Y., Xiao
(2025). Boosting the electric generation of microbial fuel
cells with Fe304 nanoparticle—decorated 3D biomass carbon
foam pellets as both auxiliary bioanodes and electron
mediators. Journal of Environmental Chemical Engineering,
119322,



